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ABSTRACT

Context. Tidal interactions and planet evaporation processes impact the evolution of close-in star-planet systems.
Aims. We study the impact of stellar rotation on these processes.
Methods. We compute the time evolution of star-planet systems consisting of a planet with initial mass between 0.02 and 2.5 MJup (6
and 800 MEarth), in a quasi-circular orbit with an initial orbital distance between 0.01 and 0.10 au, around a solar-type star evolving
from the Pre-Main-Sequence (PMS) until the end of the Main-Sequence (MS) phase. We account for the evolution of: the stellar
structure, the stellar angular momentum due to tides and magnetic braking, the tidal interactions (equilibrium and dynamical tides in
stellar convective zones), the mass-evaporation of the planet, and the secular evolution of the planetary orbit. We consider that at the
beginning of the evolution, the proto-planetary disk has fully dissipated and planet formation is complete.
Results. Both a rapid initial stellar rotation, and a more efficient angular momentum transport inside the star, in general, contribute
toward the enlargement of the domain which is devoid of planets after the PMS phase, in the plane of planet mass vs. orbital distance.
Comparisons with the observed distribution of exoplanets orbiting solar mass stars, in the plane of planet mass vs. orbital distance
(addressing the "Neptunian desert" feature), show an encouraging agreement with the present simulations, especially since no attempts
have been made to fine-tune initial parameters of the models to fit the observations. We also obtain an upper limit for the orbital period
of bare-core planets, that agrees with observations of the "radius valley" feature in the plane of planet radius vs. orbital period.
Conclusions. The two effects, tides and planet evaporation, should be accounted for simultaneously and in a consistent way, with a
detailed model for the evolution of the star.

Key words. Planet-star interactions, Stars: activity, Stars: rotation, Stars: solar-type

1. Introduction

Numerous exoplanets, ranging from small rocky objects to plan-
ets more massive than Jupiter, have been discovered orbiting
very close to their host (see the database http://exoplanet.eu).
The vicinity between the planet and the star affects and deter-
mines the various interactions between them, leading to signifi-
cant consequences for the evolution of the star-planet system: A
planet can orbit so close to its host star (planet grazing), that it
can cause gas ejections from the star (Stephan et al. 2020). Such
ejections have been reported for the red giant star V Hydrae (Sa-
hai et al. 2016; Salas et al. 2019). The star may interact with
the magnetic field of the planet, giving birth to hot spots on its
surface (see e.g. Strugarek et al. 2019) and also inducing some
magnetic activity in the planet. The stellar rotation is affected by
transfers of angular momentum between the planetary orbit and
the star through equilibrium and dynamical tides (Zahn 1977;
Ogilvie & Lin 2007; Ogilvie 2013; Mathis 2015). The irradia-
tion received by the planet from the star impacts its equilibrium
temperature and thus the hydrostatic structure of its envelope
(Yelle 2004; Baraffe et al. 2004; Bear & Soker 2011; Debrecht
et al. 2020). The energy deposited by high energy photons from
the star may lead to inflation of the planet atmosphere (as e.g.
WASP-121b Delrez et al. 2016; Bourrier et al. 2020) and even to

the partial or total loss of the planetary atmosphere (Ehrenreich
et al. 2015). Interestingly, in the future, using the JWST (James
Webb Space Telescope), observations of the planet evaporation
process through transmission spectroscopy during transits might
allow inferring the composition of the interior of small rocky
planets (Bodman et al. 2018). Some observed features, such as
the existence of the radius valley and of the Neptunian desert in
the plane of planet radius vs. orbital period (see e.g. Van Eylen
et al. 2018) are interpreted as being shaped, to a great extent, by
the planet evaporation process (Lopez & Fortney 2013a,b; Owen
& Wu 2013; Jin et al. 2014; Jin & Mordasini 2018; Owen & Lai
2018; Owen 2019; Owen & Adams 2019). The distance between
the star and planet is modified by the tides and also by changes of
the planetary and stellar masses. This may cause a planet engulf-
ment at some time during the evolution of the system (Siess &
Livio 1999a,b; Villaver & Livio 2007; Nordhaus et al. 2010; Ku-
nitomo et al. 2011; Mustill & Villaver 2012; Nordhaus & Spiegel
2013; Privitera et al. 2016c; Stephan et al. 2020). A planet en-
gulfment can be accompanied by transient phenomena such as
strong stellar winds, emissions in visible, UV and X-ray radi-
ation (Metzger et al. 2012; Stephan et al. 2020) that may last
for durations of 100-1000 years. Some authors (Morris 1981;
Soker 1998; Kim et al. 2017) have also suggested that planet en-
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gulfment can cause non-spherical, dipole-shaped planetary neb-
ulae. Planet engulfment can also spin-up the star (Privitera et al.
2016c; Qureshi et al. 2018; Stephan et al. 2020).

Many works have studied the impact of tides on planet or-
bits (see e.g. Livio & Soker 1984; Soker et al. 1984; Sackmann
et al. 1993; Rasio et al. 1996; Siess & Livio 1999a,b; Villaver
& Livio 2007; Sato et al. 2008; Villaver & Livio 2009; Carlberg
et al. 2009; Nordhaus et al. 2010; Kunitomo et al. 2011; Bear
& Soker 2011; Mustill & Villaver 2012; Nordhaus & Spiegel
2013; Villaver et al. 2014; Privitera et al. 2016b,c,a; Meynet
et al. 2017a; Bolmont et al. 2017; Gallet et al. 2018), without
considering for the most close-in planets, the effects of planet
evaporation. Other studies have considered planet evaporation
but do not account for the impact of tides induced by the planet
on the star (the only tidal effect accounted for is the Roche lobe
overflow from the planet, see e.g. Penz et al. 2008; Kurokawa
& Nakamoto 2014; Ionov et al. 2018). Note that in most of the
cases, there is a reasonable justification for neglecting tidal inter-
actions. Indeed, as is well known (see e.g. the review of Owen
2019, and references therein), evaporation mostly affects low
mass planets whose evaporation timescale is in general much
shorter than the timescale for their orbit to be changed by tides.
For the most massive planets, however, this neglect is less justi-
fied. In a few studies, both the processes of evaporation and tides
are accounted for (see e.g. Jackson et al. 2016; Collier Cameron
& Jardine 2018; Owen & Lai 2018). However, in these works,
only equilibrium tides or Darwin’s classical theory of tides are
considered, which are not valid for fast rotating stars where dy-
namical tides may dominate. Most studies also consider only
the average XUV (X-ray and Ultra-Violet radiation) luminos-
ity coming from the star, not accounting for the possibility that
this XUV luminosity can vary with the initial rotation of the star,
which itself follows a natural evolution that can also be modified
due to tidal interaction in the case of more massive planets.

In the present work, we make first steps towards a more co-
herent and consistent approach, in considering simultaneously
the evolution of the planet orbit and mass, together with the evo-
lution of the star. At the moment, to our knowledge, very few
works, if any, account in a consistent way for the effects of tides
and evaporation, including the evolution of the star, whose ro-
tational evolution is impacted by these processes. In this first
step, however, we consider a simple model for the planet, likely
too schematic, but sufficient in our view to explore possible
feedbacks between tides, evaporation and stellar rotation. More-
over, comparisons with observations and with more sophisti-
cated models for the planet indicate that despite the simple planet
models we use here, the results obtained do not appear unrealis-
tic.

Since this paper is the sixth in a series, we briefly explain its
position in terms of physics included, relative to our past works.
In the first papers (Privitera et al. 2016a,b,c), we considered the
case of planets sufficiently distant from their host star, to have a
tidal interaction only during the red giant phase. Only the case of
equilibrium tides was considered. We showed that planet engulf-
ment may cause an increase in the surface velocity of red giants
well above what can be achieved even by considering the most
extreme cases of initial rotation and angular momentum trans-
port efficiency. We confirmed that planet engulfment could be
responsible for increasing significantly the lithium abundance in
the envelope of red giant stars (Meynet et al. 2017a), and made
predictions of the surface magnetic field of red giant stars af-
ter spin-up by planet engulfment (Meynet et al. 2017b). In Rao
et al. (2018), we studied instead the cases of close-in planets to
the host star during its Pre-Main-Sequence phase, accounting for

dynamical tides along with equilibrium tides. We concluded that
the region where the planet can be engulfed depends sensitively
on the rotation of the star.

In the present work, we add a new piece in our approach.
We account for the possible evaporation of the planet. This will
mainly affect, of course, planets at a distance close to their
host star, and concern mainly the Pre- and early Main-Sequence
phase, when the star is still rotating sufficiently rapidly to emit
high luminosity XUV radiation. As indicated above, we study
the interactions between the following processes: changes of the
planetary orbit due to equilibrium and dynamical tides induced
by the planet on the star; changes of the planetary mass due to
the XUV irradiation of the planet by the star; and changes of the
stellar rotation rate due to the stellar interior evolution, magnetic
wind braking, tides and planet engulfment. These three aspects
are tightly linked. To illustrate this, let us consider a planet suf-
ficiently close to its star so that its distance from the host star
shrinks due to tidal interactions (i.e. implying that the orbital dis-
tance is inferior to the corotation radius). This will have at least
two obvious effects: firstly, it will increase the irradiation flux
received by the planet closer to the star, and second, since the
star will receive some angular momentum, it will rotate faster,
and therefore its activity will be different from the one it would
have if evolving in isolation. This would also change the XUV
irradiation and therefore, the evaporation rate of the planetary at-
mosphere. The mass loss of the planet has, in turn, an impact on
the evolution of the orbit, thus impacting also the amplitudes of
the tidal interactions between the star and the planet.

In this paper we want to answer, within the limits of the hy-
potheses made in the present work (see Sect. 2), the following
questions:

– How does the stellar rotation/activity react to the changes of
the orbit, and how do these changes affect the irradiation of
the planet and the photo-evaporation of its atmosphere.

– In the plane of initial orbital distance vs. initial mass of
the planet, which are the regions where tides dominate,
where planet evaporation dominates and where both play a
significant role in impacting the planetary orbit and mass?

– How does the initial rotation of the star impact the fate of
the planets?

The paper is organized as follows: Sect. 2 introduces the
physics of the models. We discuss the interplay between tides
and the evaporation process in Sect. 3. Sect. 4 summarises the
different types of evolution of the star-planet systems considered
in this study, depending on the initial conditions. Comparison of
the predictions of our present simulations with observations is
done in Sect. 5. Advantages and limitations of the present ap-
proach are discussed in Sect. 6. The main results are synthesized
in Sect. 7.

2. Physics of our computations

2.1. Stellar models

We use a 1 M� star model that has been computed by the GENEC
code (Eggenberger et al. 2008). The computation of the model
started from the Pre-Main-Sequence phase when its radius was
about 1.8 R�. The time to reach the Zero Age Main-Sequence
from this point is 40 My. A full description of this 1 M� star
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model in a graphical form is given in Fig. B.1 of Rao et al.
(2018).

We consider that the star has, at all times during the Pre-
Main-Sequence (PMS) and Main-Sequence (MS) phases, a solid
body rotation. This seems to be a reasonable hypothesis in view
of the rotation profile deduced in the Sun from helioseismology
(García et al. 2007; Eggenberger et al. 2019) and seismic analy-
ses of solar-like MS stars using Kepler data (Nielsen et al. 2015;
Benomar et al. 2015, 2018) and γDor stars (Saio et al. 2021).
Hence, the angular momentum of the star, Lst, in terms of its
moment of inertia, Ist, and stellar rotation, ωst, is given by,

Lst = Istωst.

We decouple the evolution of the structure of the star, and
therefore, of Ist (by computing it with our stellar model indepen-
dently for a given choice of the initial rotation), from the evo-
lution of its rotation, ωst, which depends on the changes in the
stellar interior structure, tidal interactions and magnetic interac-
tions. We assume, therefore, that the feedback of rotation on the
internal structure of the star is negligible. This is very well jus-
tified as long as the rotation is below about 70% of the critical
velocity at any point in the star. It happens that this condition is
never violated in our case, or if so, only at the surface and for
a very short time. Thus, we can confidently say that indeed the
structure evolution of the star can be taken the same for a very
large range of rotations.

Overall, the equations describing the evolution of the angular
momentum of the star, Lst, as a function of time are as follows:

L̇st = L̇wb + L̇ti, (1)

where L̇wb is the rate of change of angular momentum resulting
from magnetized stellar winds according to the prescription of
Matt et al. (2015, 2019). As in Eggenberger et al. (2019), we
fixed the constant defining the transition between the unsaturated
to the saturated regime to 10.

The quantity L̇ti expresses the rate of change of the stellar
angular momentum due to the tides induced by the planet in the
star:

L̇ti = −

[
1
2

mpl

( ȧ
a

)
ti

]
·

√
G

(
Mst + mpl

)
a,

where mpl is the mass of the planet, a is the orbital distance, G is
the gravitational constant and Mst is the mass of the star. The ex-
pression for (ȧ/a)ti, the secular change in orbit due to dynamical
and equilibrium tides, is discussed in Sect. 2.3.

Our stellar model will be used to infer the X-ray (λ ∼ 5-100
Å) and Ultra-Violet (λ ∼ 100-920 Å) luminosity of our star. Each
consists of two contributions: the first is the thermal contribution
due to the black-body radiation of the star which can be calcu-
lated knowing the total luminosity, by multiplying it with a factor
which is a Bose-Einstein integral that comes from integrating the
Planck black-body radiation law in the XUV regime. The second
is a non-thermal contribution composed of an X-ray and ultra-
violet (UV) component, arising due to the radiation emitted by
the charged stellar-wind particles which get accelerated by the
star’s magnetic field.

The non-thermal X-ray luminosity, LX , is computed as in Tu
et al. (2015), LX = RXLtot, with

RX = 10−3.13
( Ro

0.196

)−3.25

,

if Ro < 0.196. For Ro ≥ 0.196, RX = 10−3.13. Ro is the Rossby
number1. The expressions above reflect the fact that when the
rotation increases (i.e. Ro decreases), then RX increases and thus,
so does the X-ray luminosity. This increase however, saturates
below some critical Rossby number, here equal to 0.196.

The non-thermal UV contribution can be obtained via an em-
pirical relation between the UV and X-ray contributions (Sanz-
Forcada et al. 2011).

In the left panel of Fig. 1, the evolution of the Rossby number
is shown as a function of time for 1 M� stellar models with differ-
ent initial rotations. We see that for most of the present models,
the Rossby number is below 0.196. This means that the X-ray lu-
minosity will follow the total luminosity scaled with a constant
factor equal to 0.00074. The luminosities in X-rays, Ultra-Violet
and their sum is shown in the right panel of Fig. 1. Saturation
is always reached for the fast rotating model, while for the slow
rotating one, it occurs only for ages below about 27 Myr. During
the saturation period, the red and blue curves superpose, so only
the red curve is shown in Fig. 1.

2.2. Planet mass-evaporation rates

The evaporation rate is taken as in Erkaev et al. (2007):

ṁpl =
επ (βrpl)2FXUV

∆Φ
, (2)

where ε is the heating efficiency. This quantity, ε, is smaller
than unity because part of the energy can be used for ionisation.
Also processes like recombinations, collisional excitations etc.
can cause radiative cooling that will reduce the energy available
for the heating. Here we assume ε = 0.4, as suggested by Valen-
cia et al. (2010). These authors showed that this value is adapted
to the cases of hot Jupiters and strongly irradiated rocky planets.
β is a number larger than unity, accounting for the inflation of
the envelope due to its heating by the irradiation of the star. β is
taken as in Salz et al. (2016). rpl is the planet radius. We assume
a spherical planet of uniform and constant density. The initial
planet radius is computed from the initial mass of the planet us-
ing the mass-radius relation found by Bashi et al. (2017). This
relation is a piece-wise power law relation obtained by using
advanced statistical techniques to fit the power law with direct
observational exoplanet data and with numerical simulations of
planet formation (see Fig. B.1). FXUV is given by LXUV/(4πa2),
where a is the orbital distance of the assumed quasi-circular orbit
of the planet. ∆Φ is the energy required to lift one unit of mass
up to the Roche lobe and is taken as in Erkaev et al. (2007). We
applied this evaporation law for planet masses in the range 6 up
to 800 Earth masses (0.02 and 2.5 Jupiter masses) as in Salz et al.
(2016). We note that under the present evaporation law, planets
more massive than 2.5 MJup would lose only a negligible amount
of mass and thus, their evolution would correspond to a constant
mass evolution.

The change of the planet radius (under the assumption of
constant bulk density of the interior structure in our simple planet
model) is obtained from

ṙpl =
1
3

ṁpl

mpl
rpl. (3)

1 The Rossby number is defined here as the ratio between the rotation
period of the star, Prot., and the convective turn over time, τ, with τ =(

Menv(Rstar−Rcore)2

3Lstar

)1/3
taken as in (Rasio et al. 1996).
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Fig. 1. Left panel: Evolution of the Rossby number for an isolated 1 M� stellar model during the Pre-Main-Sequence phase and the very early
Main-Sequence phase for different values of the initial rotation. The initial rotation periods and velocities can be seen in Fig. A.1. The Rossby
number corresponding to the slowest initial rotation is the upper curve. Right panel: Evolution of the X-ray, EUV luminosities and of their sum
for a slow (in blue) and a fast (in red) rotating 1 M� model. The slow and fast rotation correspond respectively to the slowest and fastest model
shown in Fig. A.1.

2.3. Orbital evolution

We consider here the case of a planet orbiting in a quasi-circular
orbit around its host star. Secular change of the orbital distance
due to equilibrium and dynamical tides produced by the planet
on the star is considered. Tides are accounted for only when con-
vective zones are present in the star. Note that since we are con-
sidering here the case of a 1 M� star, an outer convective enve-
lope is present during the whole evolution. We also account for
the secular change of the orbital distance due to change in planet
mass from mass-evaporation. The expression for the net secular
change in the planetary orbit is here written,( ȧ
a

)
= −

ṁpl

mpl + Mst
+

( ȧ
a

)
eq

+

( ȧ
a

)
dy
, (4)

where the first term is due to planet mass-evaporation and the
last two terms, being the contributions due to the equilibrium
tides and dynamical tides respectively, together are equal to the
quantity (ȧ/a)ti mentioned in Sect. 2.1. All these quantities are
computed as in Rao et al. (2018)2.

In the present work, we neglect changes of the stellar mass
due to stellar winds, and therefore, the planet drag and the planet
mass accretion.

2.4. Numerical procedure

In comparison to our previous work (Rao et al. 2018), the present
version of the code differs mainly by the following points: We
account for the planet evaporation process. We consider here
that the star rotates as a solid body during the PMS phase and
MS phase. The magnetic braking law has also been updated (see
Sect. 2). The time-step variations have been improved to allow

2 In Rao et al. (2018), we showed that the expression of the equilib-
rium tide, (ȧ/a)eq, can be expressed using a quantity σ?. This quantity
is sometimes kept constant by some authors while, as shown in Fig. 1
of Rao et al. (2018), it actually varies as a function of time, especially
during the PMS phase and the red giant phase. We note here an error in
the caption of this Fig. 1. The quantity plotted is 36 times the expres-
sion given in Eq. 4 of Rao et al. (2018) and not directly the expression
given in Eq. 4. This does not change, however, the main point about the
variation of this quantity with time.

the code to evaluate more accurately the evolution of very close-
in planets. The present code solves a system of four coupled or-
dinary differential equations, for the stellar angular momentum,
the mass and radius of the planet, and the orbital distance, i.e.
equations (1), (2), (3) and (4) respectively. Since time does not
explicitly occur in any of these equations, we use the explicit
classic fourth-order Runge-Kutta method for solving this system
of equations.

3. Photoevaporation and tides

3.1. Consistency check of the new version of our code

In order to see how the results obtained with the new version of
our code compare to the results presented in Rao et al. (2018),
we plot a few orbits obtained in Rao et al. (2018) for a 1 MJup
mass planet around a 1 M� star together with those computed
with the present version in Fig. 2.

Comparing the dashed orange lines (models by Rao et al.
2018), and the continuous lines (current models without evapo-
ration), we see only very small differences linked to the models
used for the stellar rotation (non-solid body rotation in Rao et al.
2018, and solid body rotation here) and also due to the different
numerical procedure used in the present version. Concerning the
latter point, we see that the orange curve for the planet begin-
ning its evolution at 0.03 au stops at a much earlier stage than
the blue one. This is because in the old version, due to a less so-
phisticated way of handling the variation of the time steps, the
orbit plunged very early into the star. Having known this reason,
as already explained in Rao et al. (2018), we did not show that
part of the orbit (see Fig. 2 in Rao et al. 2018). In the new ver-
sion, this point has been improved and that is why, the orbit can
be computed on a longer timescale. Earlier, we were unsure of
the fate of the planet corresponding to this computation, but the
present calculation shows that in the absence of any evaporation
process, the planet would be engulfed after a few 100 Myr.

From the discussion above, we conclude that there is consis-
tency between the results we obtained in Rao et al. (2018) using
the old version of the code and the present results obtained using
the new version.
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Fig. 2. Evolution as a function of time of the orbits of 1 MJup mass
planets around a 1 M� star as obtained using different approaches. The
blue continuous lines are obtained in the present work by switching-
off the planet evaporation process. The red dashed lines are obtained
switching-on the evaporation process. The orange dashed lines (only
two cases shown) are the orbits obtained in Rao et al. (2018). The blue
dashed and dotted lines show respectively, the corotation radius (acorot)
and the critical distance below which dynamical tides are no longer ac-
tive (amin). They are obtained for the orbit beginning its evolution at a
distance equal to 0.034 au. The upper-limit of the pink zone corresponds
to the radius of the star in au. Its lower limit shows the radius at the base
of the stellar convective envelope. The blue zone indicates the size of
the stellar radiative interior.

3.2. Impact of evaporation and tides on a Jupiter mass planet

The magenta lines in Fig. 2 shows the evolution of the orbits
of a Jupiter mass planet when the evaporation processes are ac-
counted for. At first sight, there are not many differences be-
tween the evolution of the planet orbits with and without evap-
oration. However, as shown below (see the panel in the second
column, second row of Fig. 3), depending on the initial distance
of the planet to the star, we can have a significant change of the
mass of the planet for distances below 0.04 au. As a numeri-
cal example, we find that the planet, having begun its evolution
at a distance of 0.03 au, would be obliterated at an age of 20
Myr due to evaporation and not be engulfed at 100 Myr as pre-
dicted by non-evaporating model. We assume here a completely
gaseous planet, which is not very realistic, but we may inter-
pret that the photo-evaporation process will be efficient enough
for completely removing the planet’s atmosphere at least. Af-
terwards, the remaining rocky core of the planet may pursue its
evolution. Evaporation may have thus a strong impact for Jupiter
mass planets whose orbits shrink as a result of the dynamical
tides. The present simulations indicate that all planets of this
mass beginning their evolution at a distance less than 0.034 au
are evaporated during the Pre-Main-Sequence phase (this num-
ber is valid for the considered initial rotation of our 1 M� star
model).

The evaporation process can be accelerated by the action of
the dynamical tides that on one hand shrinks the orbit and thus
imposes a stronger high-energy flux received by the planet, and
also by the fact that the angular momentum lost by the orbit of
the planet is transferred to the star, which therefore rotates faster
and has an increased radiation activity. The latter point, however,
does not play a significant role here because during this phase,
the X-ray and UV luminosities are independent of the stellar ro-
tation, because they are saturated (see Fig. 4). However the dura-

tion of the phase during which saturation occurs depends on the
initial rotation. This duration is around 170 and 570 Myr if the
initial rotation is respectively equal to 3.5 and 70 km s−1.

In case saturation was not achieved, let us investigate
whether the change of the orbital angular momentum is suffi-
cient to significantly spin-up the star. The spin angular momen-
tum of the star is of the order ∼ 1.65 × 1050 g cm2 s−1, while
the initial orbital angular momentum of the planet is less than
10% of this value. Therefore, even if the totality of the orbital
angular momentum were to be transferred to the star, it would
produce an increase of the surface velocity by around 10% (if
the stellar structure is kept constant). In reality, only a fraction
of the initial orbital angular momentum can be transferred to the
star, since in our computation, the planet is completely evapo-
rated at some distance from the host star. This causes the surface
velocity of the star (at the time when the planet disappears due
to the evaporation process) to be only 5% larger than the veloc-
ity it would have had in the absence of any planet. Outside the
saturation regime, such a stellar spin-up would cause an increase
of the XUV flux by about 15%, which would be non-negligible.

For the cases where the planets survive, we find that photo-
evaporation decreases their total mass by a fraction between 11
and 16% at the end of the MS phase for the initial distances equal
to 0.05 and 0.04 au respectively. Most of the mass loss will oc-
cur during the first 300 Myr, when the Rossby number is below
0.196 (see the blue continuous line in the left panel of Fig. 4).
As soon as the Rossby number becomes larger than this limit,
one sees that the XUV flux decreases rapidly. This occurs, in
our model, when the surface velocity becomes inferior to about
16 km s−1 (see the right panel of Fig. 4). We note that, starting
with the same angular momentum content, a model in which dif-
ferential rotation occurs shows a very different evolution for the
surface velocity than a model rotating as a solid body. The dif-
ferences are small during the contracting phase towards the Zero
Age Main-Sequence (the ZAMS corresponds to the peak, occur-
ring around 30 Myr), but are important during the MS phase.
The solid body rotating model shows larger surface velocities3

that keep the Rossby number below 0.196 for a much longer pe-
riod (compare the continuous blue line for the solid body rotat-
ing model with the dotted one for the differentially rotating one).
This illustrates well the fact that, starting from the same initial
angular momentum content, depending on the way angular mo-
mentum is transported inside the star, very different results can
be obtained.

3.3. Other planet masses

Fig. 3 presents time-evolutions of the planet orbit and planet
mass during the first 40 Myr, as well as the variations of the
planet radius and of the evaporation rate as a function of the or-
bital period. We considered here a rotation of the star equal to
about 40 km s−1, 40 Myr before the star reaches the ZAMS.

As has been obtained by many previous works, evaporation
will impact mostly low mass planets (see e.g. references in the
recent review by Owen 2019). From the present simulations, we
distinguish two planet-mass ranges: the intermediate and high-

3 In the differentially rotating model, there is no instantaneous cou-
pling between the envelope and the core. This implies that the envelope
is slowed down by the wind magnetic braking first and it takes some
time for this braking to be communicated to deeper layers, or for the
deeper layers to mitigate the slowing down of the surface. Thus, in the
differentially rotating models, the braking of the surface is much more
efficient.
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Fig. 3. Each row shows the evolution, for a given planet mass and for different initial radii of the orbit, of the orbital distance as a function of
time (first column panel), of the planet mass as a function of time (second column), of the planet radius as a function of the orbital period (third
column), and of the evaporation rate as a function of orbital period (fourth column). Identical colors in a set of row panels correspond to models
with the same initial distance to the star (see the left panel in each raw). Note that panels of the fourth row in the second and third column have a
different ordinate.

mass planets showing different behaviours under the action of
tides and evaporation4:

The intermediate-mass planets (∼ 0.02 MJup < mpl <∼ 2.5
MJup): In this domain, both tides and evaporation have signifi-
cant effects. Interestingly, this is also the mass domain where the
evaporation rate goes through a maximum. Indeed, as shown in
the right panel of Fig. B.2, the evaporation rate becomes max-
imum for a mass around 124 MEarth, or 0.39 MJup, where the
mass radius relation (see the left panel of Fig. B.1) changes
slopes. For the 0.1 MJup planet, we see that regardless of whether
the orbit shrinks or expands due to tides, as long as the initial
distance is below 0.05 au, the planet is completely evaporated
on timescales shorter than a few 100 Myr. A main difference be-
tween the 1 MJup planet and the 0.1 MJup one is the fact that this
more massive planet escapes complete evaporation if its initial
distance is larger than around 0.034 au. As seen previously, only
when the planet orbit shrinks, we have a complete evaporation.
The cases where the orbits expand show very little mass loss and

4 As already mentioned earlier, in the following when we say that a
planet is completely evaporated, we mean that this would be the case
for the kind of planet structure considered in the present work (see
Sect. 2.2).

very small changes of the radius even after a few Gyr. The sharp
drop in the evaporation rate shown in the panel of the last col-
umn in the second row of Fig. 3 occurs at the transition between
the saturated and unsaturated regime for computing the X-ray
flux. This occurs at an age around 300 Myr (see the left panel
of Fig. 4). The evaporation rate drops to a value of 109 g s−1,
which is 1.7 × 10−11 MJup yr−1. The case of the 2 MJup planet
shows many qualitative similarities with the case of the 1 MJup
planet. The evaporation rates are smaller since the gravitational
potential well is deeper for more massive planets.

The high-mass planets (mpl >∼ 2.5 MJup): Let us remind that
above 2.5 MJup, the present evaporation laws cannot be applied,
in principle. However, these laws lead to very small evaporation
rates, as can be seen looking at the panels of the fourth row in
Fig. 3. Hence, the evolution in these cases is similar to models
without evaporation, and this is the domain where tides dom-
inate. Planets with initial distance below around 0.03 au have
their orbits strongly affected by dynamical tides and these plan-
ets are engulfed by the star. Such an engulfment process pro-
duces a significant spin-up of the star. We can see in Fig. 5, that
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Fig. 4. Left panel: The red continuous line shows the evolution as a function of time of the XUV flux on the planet beginning its evolution at a
distance of 0.05 au. The blue continuous line shows the evolution of the Rossby number obtained from the solid body stellar rotation model. The
dotted blue line is the Rossby number obtained from the differentially rotating model. Below the horizontal line at 0.196, the X-ray luminosity is
a constant fraction (0.00074) of the bolometric luminosity. When the curve is above the horizontal line, the X-ray luminosity decreases rapidly as
the Rossby number increases (see text). Right panel: Evolution of the surface velocity of the 1 M� model. The red line shows the surface velocity
assuming solid body rotation. The blue line is the surface velocity obtained from the model used in Rao et al. (2018) where differential rotation
occurs due to the internal angular momentum redistribution resulting from shear instability and meridional currents.
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Fig. 5. Time-evolution of the stellar surface rotation velocity when the
orbits of planets with 10 (blue dotted curves) and 30 MJup (red dotted
curves) shrink, compared to the surface velocity evolution of the star
without any planet (continuous green curve). Three dotted curves are
shown per planet for three initial distances from the star: The lower
curves correspond to 0.01 au, and these follow the same path whatever
the mass of the planet, coinciding with the green curve. The middle and
upper curves correspond to initial distances equal to respectively 0.02
and 0.03 au.

for the 30 MJup mass planet starting its evolution at 0.03 au, the
surface velocity is increased by a factor of two5.

In Fig. 6, we compare the fate of planets during the PMS
phase, with and without evaporation. We see, as expected, that
the region that is the most affected by the evaporation process is
the low-intermediate planet mass range (planets with a mass be-
low about 0.04MJup). In this mass domain, a main consequence

5 In Fig. 5 the evolution of the velocity of the star is not shown after
the time of the engulfment.

of the evaporation process is that it enlarges significantly the do-
main of initial conditions leading to the disappearance of the
planet (or at least of the planet’s atmosphere) as compared to the
corresponding domain obtained by considering only tides and no
evaporation. Typically, for a planet with an initial mass of 0.02
MJup, with no evaporation process, the planet avoids engulfment
if its initial distance is larger than about 0.025 au. With evapora-
tion, the planet avoids evaporation if the initial distance is above
0.035 au. In Sect. 5, a comparison of the present results (of plan-
ets or at least of planets with an atmosphere) is made with those
obtained by Kurokawa & Nakamoto (2014).

3.4. Evolution beyond the Pre-Main-Sequence phase

In Fig. 7, we show how the mass of the planets changes as a
function of time depending on the initial distance between the
planet and the star and for two different initial mass planets. A
much larger range of initial distances is considered, compared to
Figs. 3 and 6, as well as a much larger time domain (the PMS
phase ends approximately at an age equal to 40 Myr). The do-
main of disappearance of the planet (the limit between the grey
and the purple area) increases significantly with time for planets
with an initial mass equal to 0.1 MJup planets. This is, of course,
a consequence of the fact that more time allows for more evap-
oration, which implies that the planet, to avoid becoming com-
pletely evaporated by a given time, has to begin its evolution at
a greater initial orbital distance.

We see that for this mass, the limits between the diverse col-
ored areas increases significantly up to around 300 Myr. After
this period, as mentioned before, the X-ray flux decreases, and
hence the evaporation rate too, causing the limits to vary less
rapidly with time than in the period that precedes.

In the case of the 1 MJup mass planet, all the cases begin-
ning their evolution at a distance below 0.03 au are completely
evaporated at more or less the same age (see the second row, sec-
ond column panel in Fig. 3). Interestingly, for this specific planet
mass, complete evaporation occurs only during the PMS phase,
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Fig. 6. Fate of planets of different masses (in Jupiter masses), starting their evolution at various distances (in au) from their host star during the
PMS phase. The left and right panels show respectively, the fate of planets without accounting for the evaporation process and with account of the
evaporation process. Planets in the salmon region are engulfed or evaporated.For low-mass planets, evaporation usually occurs before engulfment,
and vice-versa for high-mass planets. Therefore, the transition of the fate happens somewhere in the intermediate-mass region. Planets in sky-blue
regions and in turquoise regions have their orbits widened by tides.
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Fig. 7. Evolution as a function of time of the minimum initial distance between the planet and its host star above which the planet survives (limit
between the grey and pink areas), the planet loses less than 20% of its initial mass (limit between the purple and salmon area), the planet loses less
than 3% of its initial mass. The different panels show these limits for different values of the initial mass of the planet. The initial rotation of the
star is 40 km −1 at 30 Myr before the ZAMS.

otherwise it never occurs. This is reflected by the fact that the up-
per limit of the grey zone is a nearly horizontal line. If a planet
begins its evolution at a distance a bit larger than about 0.03 au,
then it will escape complete destruction during the whole MS
phase. We see that starting at an orbital distance above 0.03 au
will make the time during which tides can shrink the orbit very
brief. Indeed, at this distance, the orbit rapidly crosses the coro-
tation radius. After this crossing, the orbital distance expands,
thus saving the planet from the loss of its atmosphere as it spi-
rals away from the star.

Comparing the two panels of Fig. 7 shows that increasing
the initial mass of the planet reduces the zones where the planet
mass changes. This simply reflects the fact that a more massive
planet, in order to be evaporated at a given age, must start its
evolution nearer to its host star. This effect is particularly sig-
nificant when going from 0.1 to 1 MJup mass, i.e. through the
mass range where the mass-radius relation for the planet changes
slope. Beyond a mass of around 0.4 MJup, the gravitational po-
tential increases more rapidly with the mass than in the lower
mass domain. This makes the planets more resistant to an evap-

oration process and thus, significantly restricts the conditions for
losing a given amount of mass.

3.5. Impact of the initial stellar rotation

In Fig. 8, we compare for three different initial rotations of the
star, how the minimum distance for an evaporation and/or an
engulfment during the PMS phase varies as a function of the
planet mass.

We note that for planet masses below about 0.1 MJup, chang-
ing rotation has little effects. This is in line with two facts: First,
for this planet range, the evaporation process dominates. Second,
the XUV flux is saturated (see the left panel of Fig. 4), and thus
does not depend on rotation.

In the high-mass planet range (for masses above about 0.1
MJup), the initial stellar rotation has a significant impact. As a
numerical example, a 1 MJup planet orbiting a 1 M� star with an
initial rotation of 4 km s−1, 30 Myr before reaching the ZAMS,
can survive if its initial distance is larger than about 0.01 au.
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Fig. 8. Evolution as a function of the initial mass of the planet of the
minimum initial distance between the planet and its host star above
which the planet survive the Pre-Main-Sequence phase (limit between
the grey and pink areas), the planet loses less than 20% of its initial
mass (limit between the purple and salmon area), the planet loses less
than 3% of its initial mass (limit between the salmon and light blue ar-
eas). Upper panel: The initial rotation of the star, taken at an age equal
to 30 Myr before the ZAMS is 4 km s−1. Middle panel: Same as upper
panel, but for an initial rotation of the star equal to 40 km s−1. Lower
panel: Same as upper panel, but for an initial rotation of the star equal
to 80 km s−1.

When the initial stellar rotation is 40 km s−1, the planet should
have an initial distance larger than 0.03 au. This is a consequence
of the dependence of the dynamical tides with the rotation rate
of the star.

If we compare the situation where the planet orbits a mod-
erately fast rotating star (40 km s−1) to the one in which it or-
bits a fast rotating model (80 km s−1, compare the middle and
lower panels of Fig. 8), we observe for the faster rotating star, a
decrease of the minimum distance for engulfment in the planet
mass range above 0.1 MJup (engulfment due to tides dominates
over evaporation in the high-mass planets range). This is at first
sight, surprising, because faster rotation implies stronger dynam-
ical tides and thus, more efficient shrinking of the orbit. But at
the same time, faster rotation also implies that the corotation ra-
dius is pushed inward, reducing thus the zone where dynamical
tides shrink the orbit and favour an engulfment.

4. The different types of evolution

Very generally, close-in planets show different types of evolu-
tion depending on the relative magnitudes of three timescales.
They are the evaporation timescale, τevap = Mpl/Ṁpl, the tidal
timescale, τtides = (a/ȧ)ti with a being the orbital distance, and
the stellar evolutionary timescale τstar, which is more rapid dur-
ing the PMS phase (mainly the Kelvin-Helmholtz timescale)
than during the MS phase (the nuclear timescale, although as ex-
plained below for the specific question addressed here, the mag-
netic braking timescale is certainly more relevant). We briefly
summarise the different types of evolution with emphasis on how
stellar rotation and feedback affect them, since these effects are
the focus of the present study. The different cases described be-
low apply to different initial planet mass - orbital distance do-
mains. We order their description beginning with the domain
containing the most massive and distant planets, and finishing
with the least massive and closest ones.

Constant orbit and mass evolution (τevap & τtides >> τstar)

This evolution occurs for distant and high mass planets, so that
neither the orbit nor the mass of the planet are significantly af-
fected by tides and evaporation. The evolution of the planet in
such cases is not affected by the rotation of the star either, al-
though however, the minimum mass (given an initial distance)
or the minimum distance (given an initial planet mass) for such
evolution to occur is shifted to larger values when the stellar ro-
tation increases.

Constant mass evolution (τevap >> τstar > τtides)

This occurs for sufficiently large mass planets having an initial
orbital distance below the corotation radius, so that tides shrink
the orbit. The upper limit of the initial orbital distance for this
type of evolution to occur is a bit below the initial corotation ra-
dius, where the orbit plunges just fast enough such that it always
remains below the corotation radius, which itself also shrinks
with time during the PMS phase. Thus, the orbit keeps plunging
till it reaches the minimum orbital distance above which dynam-
ical tides become active, amin. In other cases, if the planet begins
its evolution below amin, then initially for a while, the orbit is
not changed. At a given point, however, the orbital distance will
become equal to amin, because the star contracts during the PMS
phase, so its rotation increases and amin ∝ Ω2

star decreases. From
this stage on, in all cases, the orbital distance will remain in the
vicinity of this limit (see, as general examples of this effect, the
orbits beginning at 0.02, 0.03 au in the first panels of the sec-
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ond, third and fourth rows, in Fig. 3 6). This happens because,
every time the orbital distance drops a bit below amin due to the
tides, the dynamical tides switch off and the orbital distance mo-
mentarily stops changing, until the amin limit reduces and crosses
the orbit, switching the dynamical tides back on, and the process
thus continues.

Engulfment will occur for these planets during the PMS
phase. In those cases, tides may spin-up the star significantly and
feedback may be important enough to be accounted for. The do-
main for this type of evolution depends on rotation in two ways:
First, through the strength of the dynamical tides that increases
when rotation increases and second, through the determination
of the upper (corotation radius) and lower distances (amin) where
dynamical tides can shrink the orbit. Both these distances are
shifted to closer-in distances when rotation increases. In order to
have the evolution described here, one needs to have this region
sufficiently close to the star so that the tidal timescale is short
enough. In general, increasing the initial rotation will increase
the domain in the plane of initial mass vs. initial distance where
this type of evolution occurs. However, beyond some limiting
rotation, we expect to have a reduction of this domain due to the
fact that tides will anyway be high enough to produce an engulf-
ment during the PMS phase, but the domain where the tides are
active becomes smaller (see Fig. 8). Here, feedback effects can
also be important since, during the orbit shrinking, the star will
spin-up and thus, the strength of tides increases, while the do-
main where tides are active shrinks and shifts closer to the star.

Orbit and mass evolution (τevap & τtides < τstar)

This evolution characterizes the domain of sub Neptune and hot
Jupiter planets. In these cases, evaporation can occur either dur-
ing the PMS phase or during the early MS phase when the star
still has a high enough rotation to emit a saturated XUV lumi-
nosity. This is an important domain because it impacts a large
part of the survival zone shown in Fig. 9.

If the planet begins its evolution at an initial orbital distance
which is above the upper limit mentioned in the previous subsec-
tion, then the orbital distance will eventually increase due to tides
after the corotation radius shrinks below it. Therefore, the star
will spin-down, which will not impact the evaporation efficiency
during the PMS phase since the star contracts rapidly during this
time, which keeps its XUV photon emission saturated even if
some angular momentum is lost at the profit of the expanding
planetary orbit. The irradiation flux will, however, decrease be-
cause the orbital distance increases, which will therefore also
increase the evaporation timescale. If not too massive and not
too distant from their host stars, these planets can still lose sig-
nificant amounts of their initial mass over periods of a few 100
Myr. Examples of such an evolution in the present simulations
are the cases of the 0.1 MJup planets with initial orbital distances
of 0.03 and 0.04 au, which are evaporated around 100 Myr (cal-
culated for an extrapolation of the cases shown in the first row
of Fig. 3). For higher values of the initial rotation of the star, the
PMS phase described above will not be affected much. However,
the period during which the star emits high energy photons af-
ter the PMS phase will increase. This decreases the evaporation
timescale. Not only is the initial rotation of the star important,
but also the efficiency of the internal angular momentum trans-
port mechanism. A less efficient transport mechanism than the

6 In the results shown in this work, the orbital distance and amin curves
are not exactly coinciding only due to time discretization in the numer-
ical procedure, otherwise they would.

one considered here may reduce by a factor of three the duration
of the XUV radiation emissions.

If instead, the planet begins its evolution below the orbital
distance upper limit mentioned in the previous subsection, then
the orbit shrinks. Shrinking the orbit causes the planet to expe-
rience a higher irradiation flux, and thus, both timescales, τtides
and τevap, decrease. In our computations, we obtain that the evap-
oration effect dominates over tides in these cases, obliterating the
planet before engulfment. This is seen in, for instance, the cases
of the 1 MJup mass planet with initial orbital distances of 0.02
au and 0.03 au, in the third row of Fig. 3.

Changing the initial rotation has modest effects on this type
of evolution for the reasons already mentioned above. Feedback
effects of the tides on the stellar rotation are modest because of
the fact that this type of evolution involves planet masses and
distances that provide modest amounts of angular momentum,
and only part of it is transmitted to the star through tides because
of the evaporation process.

After the early Main-Sequence phase that lasts a few 100
Myr for a star like the Sun, the planets that have survived no
longer evolve much, at least for those whose mass is below the
critical mass for activating tidal dissipation in radiative zones.
It is only when the star becomes a red giant that new important
changes, mainly due to equilibrium tides, can occur. Thus, the
surviving planet here will follow a constant orbit and mass evo-
lution during the MS phase.

Mass evolution (τevap << τtides < τstar)

This evolution occurs for planets that are the most close-in and
have the lowest mass in the ranges considered in our work. The
planet loses its mass before tides can modify its orbit. For in-
stance, in the present models, we obtain that a 0.1 MJup planet
with an initial distance of 0.01 au would have such an evolution
(see first row of Fig. 3). Stellar rotation has little impact on this
type of evolution. Even starting from a very small initial rota-
tion, since the star is contracting during the PMS phase, it will
rapidly spin-up and emit high energy photons at the saturation
limit. Since tides are not important, rotation will also have no
impact on their action.

5. Comparisons with observations

5.1. Neptunian desert

In Fig. 9, the masses (M sin i) and distances of confirmed exo-
planets orbiting solar mass stars are shown. We have overplotted
shaded areas indicating the regions that, according to our sim-
ulations, should be devoid of planets either because of evapo-
ration or engulfment. We have focused here on the planet mass
domain between 0.03 and 1 MJup (i.e. between 10 and 310 Earth
masses), which lies well inside the domain where the evapora-
tion law adopted here has been applied in previous works Salz
et al. (2016).

The grey and salmon shaded areas show the Neptunian desert
after 40 Myr when the initial stellar rotation is 4 and 40 km s−1

respectively. Increasing the initial stellar rotation enlarges the
desert zone, especially for the most massive planets of the mass
domain considered here. This is mainly an effect linked to the
fact that when the rotation of the star increases, tides are stronger
(given a fixed initial distance). For those planets below the coro-
tation radius, this will favor planet engulfment. For the lower
mass end considered here, increasing rotation also enhances the
tides which, for the orbit shrinking planets, favors evaporation.
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Fig. 9. The data points are masses (M sin i) and semi-major axis for
confirmed planets orbiting stars with masses between 0.9 and 1.1 M�

(diagram made using the database exoplanet.eu). The light grey shaded
area indicates the Neptunian desert zone after 40 Myr as predicted by
our models for our slow rotating case (Vini= 4 km s−1). The light pink
zone shows the enlargement of that Neptunian desert region just after 40
Myr as predicted by our models for our moderate rotating case (Vini= 40
km s−1). The magenta shaded area shows the enlargement of that zone
after 300 Myr. For comparison, also plotted are the lines corresponding
to the minimum survival masses of planets with core masses of 0.03
MJup (solid line), 0.06 MJup (dashed line) and 0.09 MJup (fuzzy line)
at an age of 10 Gyr obtained by Kurokawa & Nakamoto (2014). The
corresponding core masses are shown by horizontal lines.

When systems older than about 40 Myr are considered (here
up to 300 Myr and and for an initial rotation of 40 km s−1), the
desert domain is enlarged, mainly because it gives more time for
the planet to be irradiated by the high energy photons of the star.
Changing rotation has an impact on this region, since it modifies
the duration of the period during which the XUV flux is satu-
rated.

A very interesting feature to note is that the enlargement of
the desert zone when the age increases is much larger for the
0.1 MJup planet than for the 1 MJup one. This is because, for a
low-mass planet, the evaporation timescale at a given distance is
much shorter than for a high-mass one. This effect imposes thus
that the right frontier of the magenta zone goes towards higher
initial distances when the mass of the planet decreases. We see
that overall, the zone devoid of planets predicted by the present
simulations is reasonable with respect to the observed distribu-
tion of planets in this plane. Of course, much more refined com-
parisons are needed to incorporate more realistic planet models.

For comparison, the minimum survival masses of planets
with different core masses observed at an age of 10 Gyr, as pre-
dicted by Kurokawa & Nakamoto (2014) are shown. These au-
thors considered more sophisticated interior planet models, but
they did not consider any effects of tides. This is mainly the rea-
son why their survival limit is at very small distances for the
their 1 MJup model. They adopted the XUV evolution models
given in Ribas et al. (2005), based on observations of solar ana-
log stars, thus not accounting for the impact of different initial
rotations and for exchanges of angular momentum between the
planet orbit and the stellar rotation. We see that our results sig-
nificantly enlarge the zones devoid of planets. On one hand this
comes from the fact of accounting here the impacts of tides. On
the other hand we may here somewhat overestimate the desert
zone because we do not allow for the existence of rocky cores.

We note that a more complete interpretation of the observed
Neptunian desert also requires accounting for high-eccentricity
orbital migration (Owen (2019)). Although the present simula-
tions do not account for eccentric planet orbits, we show here
that simply accounting for tides, evaporation and stellar evolu-
tion is still a good approximation to explain the observed results.

5.2. Orbital period upper limit for bare-core planets

Fig. 10. Evolution of the planet masses as a function of the age. The
initial mass of the planets is 0.02 MJup, being the smallest in the mass
range considered in our study. The stellar model is for a 1M� star begin-
ning its evolution with a surface velocity of 40 km s−1, 30 Myr before
the ZAMS. Each curve is labeled by the orbital period of the planet
at the end of the evolution (see text), in units of Earth days. From the
shortest to the longest orbital period, the initial distance has the fol-
lowing respective values in au: 0.0100, 0.0150, 0.0250, 0.0450, 0.0650,
0.0850, 0.1100, 0.1294.

From the right panel of Fig. 6, we can deduce the trend that
planets with the smallest initial mass in the range we consider,
can begin their evolution at the farthest initial orbital distance
from the star, such that at the end of the evolution i.e. at a given
final age of the system, the planets just lose their entire atmo-
sphere due to evaporation, while still being as far away from
the star as possible. In other words, for star-planet systems of a
given final age, computations of the final orbital period of the
planets beginning their evolution with the smallest initial mass
considered in our study, which just lose their atmosphere due
to evaporation at that age, would be an upper limit on the or-
bital period as predicted by the present simulations, above which
small-radii/bare-core planets cannot be observed.

In Fig. 10, we make this computation, and find that the upper
limit of the orbital period for observing bare-core planets around
solar-type stars of a few Gyr age, is around 17 (Earth) days. This
number is in surprisingly good agreement with the locus of the
small-radii/bare-core population constituting in part the "radius
valley" feature i.e. the bimodal distribution of exoplanets ob-
served by the Kepler mission, in a scatter plot of planet radius
vs. orbital period (see Van Eylen et al. (2018)). We find that both
in observations, as well as in planet population simulations ac-
counting for more detailed planet physics than we do (Owen &
Wu (2017)), the bulk of the small-radii/bare-core population lies
just below the upper limit predicted by our code, indicating this
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limit to mark, as one would expect in principle, a boundary of
the radius valley feature.

However, since we do not model the interior structure of
planets in the present work, we cannot say anything about the
radii of the bare-core planets left over after complete evapora-
tion of their atmospheres. Hence, we can only find numerical
limits/boundaries along the orbital period (horizontal) axis, but
not along the planet radius (vertical) axis of the planet radius vs.
orbital period scatter plot.

The small fraction of observed bare-core planets that do lie
above our predicted orbital period upper limit, must have fol-
lowed an evolution or initial conditions different from the ones
covered by the present simulations, implying, without much sur-
prise, that more physics is involved in star-planet systems than is
considered here. On the other hand, the very good agreements,
taken at face-value, imply that many star-planet systems in the
observations may have followed an evolution similar to the ones
predicted by our simple, yet comprehensive models.

6. Advantages and limitations of the present
approach

The main advantages of the present consistent treatment are the
possibilities to study the impact of different initial rotations on
the evolution of the planet mass and orbit, of accounting for the
feedback of these changes on the stellar rotation, and thus on the
tides and evaporation rates.

A main present limitation is the rather schematic interior
model used for the planets. In this work, we use a mass-radius
relation that fits direct observational exoplanet data and numeri-
cal simulations of planet formation (Bashi et al. 2017), therefore
being a valid first approximation. What is shown here is that, at
least in some planet mass domains, the impact of changing the
initial rotation of the star can have effects as large, or even larger
than considering different planet interior models (see Fig. 9).

We did not consider multiple planets around the star and
therefore, any interactions between them, nor the impacts of pos-
sible magnetic interactions between the star and planet. Neither
did we account for eccentric and/or inclined planet orbits, as-
suming always a quasi-circular orbit of the planet in the rotation
plane of the star.

The limits of the survival zone depend on when the planet ar-
rived at the point defined here as the initial orbital distance to the
star. For recall, we consider here a starting point that corresponds
to a time of about 40 Myr before the ZAMS. Would we have con-
sidered that the protoplanetary disk dissipates at later time, then
it would impact the strength of the tides, making them weaker.
Indeed, the extent of the convective envelope and the radius of
the star decrease as a function of time during the PMS phase.
The planet may also become a close-in planet while beginning
its evolution at much larger distances due to migration and/or
dynamical interactions. A fraction of close-in planets could in-
deed have migrated long after their formation via Kozai migra-
tion, thus delaying their atmospheric evolution and evaporation
by several Gyr (Attia et al. (2021)).

Some uncertainties pertain the XUV stellar luminosity. Re-
cently, King & Wheatley (2021) have argued that the decline in
the EUV emission is much slower than for the X-rays and thus
might dominate the irradiation of the planet atmosphere after the
saturation phase.

We neglected the mass loss by the star and the possible drag
forces acting on the planet orbit. These aspects do not appear to
be very relevant though. In Fig. 2, the models from Rao et al.

(2018) have been computed accounting for these drag forces,
and as we can see, they compare extremely well with the present
models that neglected these forces.

In a previous section, we briefly mentioned the fact that not
only the initial rotation, but also the efficiency of the internal
angular momentum transport inside the star has an impact. This
is certainly a point worthwhile to be studied in a future work.

We focused here on solar mass star models at solar metal-
licity. Different types of stars have different radiative and con-
vective regions, which change the way tides act. They also ex-
hibit different XUV radiation emission, modifying the photo-
evaporation process. Also, the evolution of their rotation can be
different depending on the importance of the outer convective
zone. Exploration of these effects will be done in a future work.

We consider here two types of tides, viz. the equilibrium and
dynamical tides in convective regions. The expressions for these
tides are still subject to discussion (see e.g. the discussion in
Barker 2020). Also, dissipation of tides in radiative zones due to
internal gravity waves has not been accounted for in the present
work. However, according to the recent work cited above (Barker
2020), this mechanism is efficient only for planet mass above a
certain critical limit. For planets orbiting a 1 M� star, this crit-
ical limit is larger than 10 MJup for ages below about 3.5 Gyr
(see Fig. 8 in Barker 2020). The results presented above concern
lower mass planets in an age domain below the one indicated
above. Thus, they should not be affected by the neglect of the
tides in radiative zones. In Fig. 7, we show an evolution over a
longer period, until an age of 8.4 Gyr, which corresponds to the
end of the core H-burning phase for a 1 M� star. The minimum
planet mass at that age is 0.4 MJup according to (Barker 2020),
hence being above 0.1 MJup.

There are also the uncertainties pertaining to the evaporation
rate. Different choices for the heating efficiency ε, the factor β
describing the inflation of the planet outer layers, the distance
to the Roche radius etc. will change the results. Here, we have
adopted the given set of values because we wanted to study the
impacts of both tides and the evaporation process, as well as the
impact of the initial rotation of the star. Of course, different evap-
oration laws may bring significant changes to the results.

7. Conclusions

As mentioned in the introduction, very few studies follow in a
consistent way the change of the planet orbit with that of the
stellar rotation, despite the fact that these quantities are tightly
connected and impact on each other as well as on the planet ir-
radiation and thus, its evaporation rate.

In the present work, using complete stellar models for de-
scribing the evolution of the structure, assuming solid body rota-
tion for the star (which appears as a very reasonable assumption,
see e.g García et al. 2007; Benomar et al. 2015; Eggenberger
et al. 2019), we explore the consequences of these two effects in
a 4D-space domain whose axes are the planet mass (in the range
between 0.02 up to 2.5 MJup mass), the initial orbital distance
(from 0.01 to 1 au), the stellar rotation (from 4 to 80 km −1, 40
Myr before the ZAMS), and the age of the system (from the PMS
until the end of the early MS phase).

We have checked the continuity of the present results with
those obtained using a previous version of our code where the
evaporation process was not accounted for. Despite the simple
models we use here for the planet interiors, comparisons with
observations shows that at least for sub-Neptune planets, the re-
sults obtained here are reasonable. This gives confidence that our
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study of the impact of the initial rotation of the star and of the
interactions between tides, evaporation and stellar rotations have
some validity.

We distinguish two effects of rotation: those linked to differ-
ent values of the initial rotation of the star, and those arising from
the change of the stellar rotation due star-planet interactions.

Changing the initial stellar rotation has the greatest effects
on two families of evolution: the Constant-mass-evolution, and
the Orbit-and-mass-evolution (Sect. 4). In both cases, in gen-
eral, increasing the initial rotation tends to increase the domain
in initial planet masses and orbital distances where this type of
evolution occurs. As mentioned earlier, however, beyond some
rotation limit, the domain may decrease due to the dependence
on rotation of the limits where dynamical tides are active. The ef-
fects of changing the initial rotation are large on the populations
of planets expected just after the PMS phase or after the early
MS phase. At larger ages, the efficient wind magnetic braking
makes the system forget the initial rotation.

Interaction between tides and stellar rotation are expected to
occur in the case of Constant-mass-evolution and to a lesser ex-
tent in the case of Orbit-and-mass-evolution families. This may
produce some significant increase of the surface velocity of the
star, as has also been shown by Gallet et al. (2018). The spin-up
of the star due to an engulfment may have a significant impact on
other, less massive planets also present in the system that, after
the engulfment of a massive planet, may feel stronger tides. This
is a point interesting to be studied in the frame of the evolution
of planetary systems.

We have seen that the spin-up of the star due to tides has
little effect in terms of increase of the XUV luminosity since,
in the present simulations, when the irradiation is efficient, it is
saturated. The effect of tides (when shrinking the orbit) implies
an increase of the irradiation because the star-planet distance be-
comes smaller, and thus, shortens the planet lifetime.

Although we did not study this effect here, we expect that a
change in the efficiency of the angular momentum transport in-
side the star may significantly change the results for those plan-
ets whose evaporation occurs during the early MS phase. Adopt-
ing a less efficient angular momentum transport than the one in
this study may shorten the duration of the phase during which
the star emits a high XUV radiation luminosity.

A general conclusion of the present work is that the huge
efforts that have been done so far to better describe the planet
physics, evaporation process etc. should also be done in the
frame of models where the physics of the star is better described.
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Appendix A: Stellar models

Figure A.1 shows the evolution of the rotation period and of the
surface velocity (at the equator) of a 1 M� stellar model from
the Pre-Main-Sequence phase to the early Main-Sequence phase
(only the first 40 Myr are shown). The star is here assumed to
rotate as a solid body. During the Pre-Main-Sequence phase,
the star is contracting rapidly. This decreases the rotation pe-
riod (increasing the surface equatorial velocity). The position of
the ZAMS, that may be defined here as the time at which the
minimum radius is reached, corresponds to the peak in veloc-
ity shown on the right panel. During the Main-Sequence phase,

the surface velocity decreases due to the wind magnetic braking.
Whatever the rotation of the star on the ZAMS, after 4.6 Gyr, the
surface rotation would be less than 2 km s−1, quite in the range
of values observed for the Sun.

Appendix B: Planet models

The variation of the planet radius as a function of the plane-
tary mass, from Bashi et al. (2017), is shown in the left panel of
Fig. B.1 (see the green curve). The piece-wise description pro-
vides a distinction between small and large planets. The transi-
tion mass separating the small planets from the large planets is
mt = 124 mEarth and the transition radius is rt = 12.1 rEarth.

When the planet is very close to the star, its atmosphere may
be inflated due to heating caused by the XUV irradiation from
the star. In that case, the radius of the planet has to be corrected.
The inflated radius is given by βrpl, where rpl is the original
planet radius, and β taken as in Salz et al. (2016). The expression
for β is valid only in a limited domain of gravitational potential,
between 1012.2 and 1013.6 ergs g−1. Using the mass-radius rela-
tion by Bashi et al. (2017), this corresponds to masses between
6 and 800 Earth masses.

The left panel of Fig. B.1 shows the variation of the original
radius (green solid line) and of the inflated radius (red solid lines)
as a function of the mass of the planet for different irradiation
values (see caption).

If a blob of planetary matter receives sufficient energy to en-
able it to reach the limit of the Roche lobe between the planet
and the star, then it will escape from the effective gravitational
potential well of the planet orbiting its star, and will be lost. The
Roche lobe boundary, RRoche, is taken from Erkaev et al. (2007).
Its variation as a function of the planet mass for different orbital
distances is shown in the right panel of Fig. B.1. We see that in
general, the Roche lobe is larger than the (non-inflated) plane-
tary radius, except for cases when the orbital distance becomes
equal to about 0.01 au or less. In the case XUV absorption radii
are considered, orbital distances larger than about 0.02 au are
needed to avoid that the Roche lobe becomes smaller than the
planet radius. The present treatment is not sophisticated enough
to follow the evolution in a very rigorous way when the planet ra-
dius exceeds the Roche lobe, because this effect involves a mass
loss mechanism different from the one triggered by the XUV lu-
minosity of the star. Likely in such cases, the planet will lose
its whole atmosphere in a very short timescale, and for gaseous
planets, nearly complete evaporation may occur. This is the sce-
nario considered to occur in the present work.

In the left panel of Fig. B.2, the energy required for a unit
mass to reach the Roche lobe, as given by Erkaev et al. (2007),
is shown for different values of the mass of the planet and for
different distances to the star (distances decreases from the green
line to the lowest red curve).

In the right panel of Fig. B.2, the timescale needed for the
evaporation of 1 Earth mass according to the evaporation law
given by Eq. 2 is shown as a function of the mass of the planet
and for different XUV irradiation fluxes. The most striking fea-
ture is the fact that the evaporation timescale has a minimum
where the planet mass-radius relation (shown in the left panel
of Fig. B.1) changes slope. For masses below the mass corre-
sponding to that transition, the increase of the XUV absorption
radius (βrpl) overcomes the relatively gentle increase with the
planet mass of K|φG |. For masses above this mass limit, βrpl de-
creases, while ∆Φ increases, therefore the evaporation timescale
increases. Hence, we see that the mass-radius relation plays a
key role here. We note that the masses of the planets that show
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Fig. A.1. Evolution of the rotation period (left panel) and of the surface velocity (right panel) for an isolated 1 M� stellar model during the Pre-
Main-Sequence phase and the very early Main-Sequence phase for different values of the initial rotation. The green line shows respectively the
critical period (left panel) and the critical velocity (right panel). Note that the bottom line in the left panel corresponds to the upper line in the right
panel.
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Fig. B.1. Left panel: Variation of the planet radius as a function of the planet mass (green curve, see text). The red curves indicate the effective
radius accounting for the fact the atmosphere of the planet can be inflated. From bottom to top, the curves corresponds to values of the XUV flux
between 104.5 and 105.5 in steps of 0.2 dex. These XUV fluxes corresponds to XUV luminosities equal to 10−3 L� and orbital distances between
about 0.05 and 0.2 au. Right panel: Variation of the Roche lobe as a function of the planetary mass (red curves) compared to the planetary radius
(thick green curve). The red curves corresponds to distances between the planet and the star equal to 0.01, 0.02, 0.03, 0.04, 0.05 and 0.1 au from
bottom to top. The mass of the star is 1 M�.

the largest evaporation rates are masses around that transition
(here ∼120 MEarth, ∼ 0.38MJup).

The process of planet evaporation during the Pre-Main-
Sequence phase has a rather limited effect when the distance is
equal or above 0.1 au. Indeed, the PMS phase lasts 30-40 Myr,
while the time for evaporating 1 earth mass from a 100 MEarth
is around 250 Myr. When the distance is decreased by a factor
10, the situation is very different. Here we have that whatever the
irradiation flux provided superior to 104.5 ergs s−1 cm−2, the low
mass planets with a few MEarth will be significantly affected by
the evaporation process.
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